Vba5p is closest to Vba3p in the vacuolar transporter for basic amino acids (VBA) family of Saccharomyces cerevisiae. We found that green fluorescence protein (GFP)-tagged Vba5p localized exclusively to the plasma membrane. The uptake of lysine and arginine by whole cells was little affected by deletion of the VBA5 gene, but was stimulated by overexpression of the VBA5 gene. The inhibitory effect of 4-nitroquinoline N-oxide on cell growth was accelerated by expression of the VBA5 gene, and was lessened by the addition of arginine. These results suggest that Vba5p is a plasma membrane protein involved in amino acid uptake and drug sensitivity.
A computer-aided analysis of the genome sequences of a variety of organisms 1) suggested presence of the major facilitator superfamily (MFS) comprising permeases that contain 12 or more transmembrane-spanning domains. All MFS proteins can be further clustered into a number of permease families. Multidrug permease homologs, which confer multidrug resistance, constitute such a family.
2) Distribution of MFS is widespread in both prokaryotes and eukaryotes, and MFS includes three types of transporters; uniporters, symporters, and antiporters, but the mechanism and intracellular localization of MFS transporters in eukaryotic cells have not been well characterized.
Vacuoles are the largest organelles in the budding yeast Saccharomyces cerevisiae, occupying about 25% of cell volume. They serve as storage compartments for a variety of amino acids. Most basic amino acids accumulate in the vacuoles. ATP-dependent uptake of various amino acids by vacuolar membrane vesicles has been observed; 3) it was dependent on the proton electrochemical gradient across the vacuolar membrane generated by the action of V-ATPase. 4, 5) Hence it is probably mediated by an amino acid/proton antiporter. In the multidrug permease family of S. cerevisiae, we identified the VBA (vacuolar transporter for basic amino acids) subfamily, comprising five members, Vba1p, Vba2p, Vbaa3p, Vba4p, and Vba5p. Vba1p, Vba2p, and Vba3p respectively were involved in ATP-dependent uptake of basic amino acids into the vacuoles: 6) Vba1p and Vba3p in vacuolar uptake of histidine and lysine, and Vba2p in vacuolar uptake of arginine, lysine, and histidine, but the features of Vba4p and Vba5p have not been well characterized. Although it is known that Vba4p is a vacuolar membrane protein, 7) the intracellular localization of Vba5p has not been determined. Vba5p (582 amino acids) is an interesting protein in that it is virtually a duplicate of Vba3p (458 amino acids), as shown in Fig. 1A . It is composed of the Vba3p portion with five different amino acid residues and an extra portion at the N terminus (124 amino acids). Hydropathy analysis SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/) predicted 14 transmembrane helices in Vba5p. 8) In this study, we examined the properties of Vba5p as a transporter.
To determine the intracellular localization of Vba5p, green fluorescent protein (GFP) was tagged to its Nterminus (GFP-Vba5p) or C-terminus (Vba5p-GFP). To construct pGFP-VBA5, a 0.75-kb XbaI-BamHI fragment of yEGFP lacking the stop codon amplified by PCR was cloned into the p416ADH plasmid, 9) followed by cloning of the 1.75-kb BamHI-SalI fragment of VBA5 ORF amplified by PCR. To construct pVBA5-GFP, a 0.75-kb SalI-XhoI fragment of yEGFP amplified by PCR was cloned into the p416ADH plasmid, followed by cloning of the 1.75-kb BamHI-SalI fragment of VBA5 ORF lacking the stop codon amplified by PCR. Plasmid pGFP-VBA5 or pVBA5-GFP was introduced into BY4741 (MATa his3Á1 leu2Á0 met15Á0 ura3Á0) by the lithium acetate method. Cells were cultured in SD-Ura medium and then examined with an Olympus IX-71 fluorescence microscope using appropriate filter sets (Olympus, Tokyo). As shown in Fig. 1B , both GFP-Vba5p and Vba5p-GFP clearly localized to the plasma membrane.
Since Vba5p is closest to Vba3p (Fig. 1A) , we anticipated the involvement of Vba5p in amino acid transport. The effect of Vba5p on amino acid uptake by y To whom correspondence should be addressed. Tel: +81-89-946-9859; Fax: +81-89-946-9860; E-mail: ykaki@agr.ehime-u.ac.jp Abbreviations: VBA, vacuolar transporter for basic amino acids; GFP, green fluorescence protein; MFS, major facilitator superfamily; V-ATPase, vacuolar type H þ -ATPase; NQO, 4-nitroquinoline N-oxide whole cells was examined as follows: Cells of BY4741, vba5Á (vba5Á::KanMX4), and vba5Á transformed with pGFP-VBA5, were cultured in SD-Ura medium, harvested at late logarithmic phase, washed twice with water, and suspended in a buffer (10 mM 2-morpholinoethanesulfonic acid-Tris pH 6.4, 2 mM MgCl 2 , 25 mM KCl, and 10 mM glucose) at a cell density of 1 Â 10 8 cells/mL. Uptake at room temperature was initiated by the addition of a specific amino acid at a final concentration of 0.4 mM. At intervals, 0.5-mL aliquots of the cell suspension were layered on 0.6 mL of corn oil/di-n-butyl phthalate (1:3), and this was centrifuged for 1 min at 10;000 Â g. The amount of amino acid in the supernatant (the water phase) was measured by the ninhydrin reaction. As shown in Fig. 2 , uptake of arginine, lysine and histidine by the cells was little affected by deletion of the VBA5 gene. Uptake of arginine and lysine, but not of histidine, was activated by expression of the VBA5 gene under the control of the ADH promoter ( Fig. 2A) . Uptake of tyrosine, isoleucine, and asparagine was not affected by expression of the VBA5 gene (data not shown). Vba5p-dependent arginine uptake was also examined with mutant can1Á, which is defective in the CAN1 gene which encodes arginine permease on the plasma membrane, as host, suppressing basal uptake of arginine. 10) The assay was performed with [U-
14 C]arginine at a final concentration of 1.0 mM under the conditions, described above by the filtration method. Vba5p-dependent arginine uptake was clearly observed (Fig. 2B) . At the beginning of the study, we expected that Vba5p is involved in amino acid excretion from cells, because (i) the closest Vba3p is probably the vacuolar amino acid antiporter, and (ii) the proton electrochemical gradient across the plasma membrane (inside negative) is generated by P-type H þ -ATPase. In fact, Aqr1p, a member of the multidrug permease family, previously reported to confer resistance to shortchain monocarboxylate and quinidine, 11) was later reported to operate in amino acid excretion from cells. 12) However, this was not the case in our study. Uptake of arginine and lysine was not repressed by Vba5p.
Two genes, SGE1 and AZR1, are closely related to the VBA subfamily in the multidrug permease family. It has been reported that Sge1p and Azr1p are involved in resistance to cationic dyes, such as 10-N-nonyl acridine orange, and azoles, such as ketoconazole and fluconazole, respectively. 13, 14) These permeases probably excrete the chemicals from cells. We examined the role of Vba5p in the sensitivity of cell growth to chemicals by spot assay (Fig. 3) . Among the chemicals, including 3-amino-1,2,4-triazole, crystal violet, cycloheximide, and ethidium bromide, we found that the inhibitory effect of 4-nitroquinoline N-oxide (NQO) and quinidine (data not shown) on cell growth was accelerated by overexpression of the VBA5 gene (Fig. 3) . The inhibitory effect of NQO was lessened by elevating the medium concentration of arginine, but not glutamate (data not shown), to more than 20 mM (Fig. 3) . These results suggest that Vba5p mediates the penetration of arginine as well as of NQO into cells. Although the effect of VBA5 deletion was negligible in both cases ( Figs. 2A and 3) , microarray study suggested that VBA5 is inducible under several starvation conditions. 15) Thus the activity of Vba5p in the wild-type cells was too low to be detected under the culture conditions in this study. We expect that the Vba5p transporter behaves as a scavenger of amino acids under nutrient-poor conditions. The expression and the significance of VBA5 gene is now under investigation. In order to elucidate the mechanism (uniporter or symporter) of the Vba5p transporter and the substrate specificity linked with drug sensitivity, further biochemical investigation using plasma membrane vesicles should prove useful. The differences between Vba5p and Vba3p in intracellular localization and transport features can be determined by the presence of an extra N-terminal sequence and five different amino acid residues (Fig. 1A) . The extra N-terminal sequence must be involved in the intracellular localization of Vba5p, because we observed that a chimera protein produced by this sequence and Vba3p localized to the plasma membrane (data not shown). Further characterization of the determinants of these features is another important issue in the attempt to understand the molecular diversity of MFS transporters in yeast. Growth.
The susceptibility of the wild type, vba5Á (vehicle), and vba5Á (pGFP-VBA5) to NQO at the indicated concentrations was compared by spot assay on YPD agar plates with and without 17 mM arginine. The arginine concentration of the YPD medium was estimated to be approximately 4 mM. Cells were cultured in SD (-Ura) medium, and 5 mL of cell suspension (4 Â 10 6 cells/mL) used to prepare the spots were diluted to 1:10, 1:100, 1:1000. The plates were incubated at 30 C for 2 d.
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